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INTRODUCTION 
Dutch elm disease caused by Ceratocystis ulmi (Buism) C. Moreau has 
virtually eliminated the American elm (Ulmus americana L.) from much of the 
natural range of this important shade tree species. In addition to several 
insect vectors which are capable of carrying thé pathogen over compara­
tively long distances, local tree-to-tree spread of this organism may 
occur by means of grafted roots connecting adjacent elms. Failure to pre­
vent this local transmission of the pathogen has resulted in the failure 
of many Dutch elm disease control programs in the eastern and middlewestem 
United States. 
Various methods have been employed to prevent root graft transmission 
of Ç,. ulmi. These have included trenching and soil fumigation with chem­
icals such as sodium methyldithiocarbamate (SMDC). Because of the con­
venience offered in the use of the latter, especially in congested urban 
situations, the soil fumigation method has been widely applied. Unfortu­
nately, the results of fumigation with SMDC have not always been consist­
ent. The reason or reasons for this inconsistency have not been estab­
lished. The primairy purpose of this investigation was to broaden the 
knowledge of the elm root system and of the pathogen within the elm root. 
The investigations were designed to probe four specific areas: 
1) The behavior of the pathogen in naturally infected elm roots; 2) the 
reactions of elm roots to SMDC fumigation; 3) movement of water and spores 
of C^. ulmi through fumigated or otherwise killed sections of elm root; and, 
4) the effects of organisms invading the killed portion of the roots on 
transmission of C. ulmi. 
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LITERATURE REVIEW 
A voluminous literature exists pertaining to infection of various 
Ulmus sp. by Ceratocystis ulmi. yet little is known concerning the behavior 
of the fungus in elm roots. It has been known for some time that Ç. ulmi 
may be transmitted from diseased to adjacent healthy elm trees through 
root grafts. Root grafting occurs naturally in a large number of widely 
divergent species of trees (LaRue, 1934; Beckman and Kuntz» 1951; Molotkov, 
1956; Bormann and Graham, 1959; Bormann, 1962). Root grafting between 
American elms is a conxBon phenomenon (LaBue, 1934; Verrai 1 and Graham, 
1935). Discolored vessels resulting from ulmi infection were traced 
into neighboring elm trees through grafted roots (Verrai1 and Graham, 
1935). Dyes injected into elm trees were readily translocated into adja­
cent trees by this pathway. Unfortunately the significance of these dis­
coveries went largely unappreciated for the next 20 years. 
Root grafting was proposed as being of importance in the local trans­
mission of the oak wilt disease organism Ceratocystis fagacearum (Bretz) 
Hunt by Kuntz and Riker (1950). Dyes, radioactive iodine and silvicides 
such as sodium arsenite and ammonium sulfamate (Animate) were translocated 
from tree to tree through grafted roots (Beckman and Kuntz, 1951). Local 
tree to tree spread of oak wilt was prevented by killing a ring of oak 
trees around the infected tree (Drake and Kuntz, 1954). The Importance of 
root graft transmission of ulmi in elm was again recognized during the 
late 1950's and early 1960*s. There appeared to exist a definite relation­
ship between the frequency of adjacent tree infections and the spacing of 
elms (Neely and Himelick, 1963). 
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The behavior of ulmi within the vascular tissues of elm has been 
difficult to determine. Rapid, vertical distribution of spores injected 
into the vessels of the boles of elm trees has been demonstrated and is 
thought to occur passively under the influence of the transpirational 
stream (Banfield, 1938; 1941b; Elgersma, 1967). Downward movement of the 
spores also occurs but at a lesser rate (Brown, et al. 1963; Campana, 1967; 
Banfield, 1968). This passive movement of the spores within the vessels 
could conceivably account for the vertical distribution of the fungus with­
in the vascular system. It does not explain the lateral movement which 
must occur if the fungus is to colonize most of the vascular system. In­
vasion of the vascular system of the tree is variable. The season during 
which infection occurs is important (Buisman, 1934; Smucker, 1940; Ban-
field, 1941a; 1948; Smalley, 1962; Pomerleau, 1965; Neely, 1968) as is the 
locus of infection (Buisman, 1935; Banfield, 1938; 1941a; 1941b; 1947; 
1948; Campana, 1967; Neely, 1968). 
Most investigators have reported the presence of only sparse nycelium 
(Schwarz, 1922) or spores which are limited to the vessels (Banfield and 
Smith, 1936; Clinton and McCormick, 1936). A few investigators have re­
ported extensive nycelial invasion of vessels, tracheids, fibers and paren­
chyma cells (May, ejt al. 1931; Clinton and McCormick, 1936; Banfield and 
Smith,.1936; Ouellette, 1962a; Wilson, 1965). The tissues used for histo­
logical examinations by Banfield and Smith (1936) consisted of excised 
sections of naturally infected elm incubated over moist sand. Those used 
by Ouellette (1962a) were collected from stems in the vicinity of chisel 
cuts into which spore suspensions had been Introduced at varying Intervals 
prior to sampling. Mycelium has been demonstrated in discolored rays 
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(Ouellette, 1962b; Wilson, 1965; Banfield, 1968). Ouellette (1960) re­
ported hyphal development in advance of discoloration. He also observed 
the fungus invading cambium, phloem and periderm tissues as well as the 
cortex and epidermis. Development in root tissues was essentially similar 
to that in the stem. 
Only spores and an extremely sparse mycelium were present in the ves­
sels during the early stages of disease development in the stem (Banfield, 
1968). At this stage the fungus penetrated from vessel to vessel and into 
an occasional parenchyma or fiber cell through pits. He found that general 
invasion of tissues began in the advanced stage of disease when mycelium 
could be demonstrated in all types of cells. 
The potential ability of the fungus to move laterally as well as 
longitudinally has been established. The growth of hyphae between vessels 
radially results in the crossing over of the fungus from the initially in­
fected growth ring outward into subsequent growth rings (Banfield, 1968). 
This causes the recurrence of disease in trees which have temporarily re­
covered (Buisman, 1936; Walter, 1939; Smucker, 1940; Banfield, e]t al. 
1947; Banfield, 1968). Banfield (1968) reported that crossing over of Ç. 
ulmi from the initially infected ring outward into the subsequently fonœd 
rings occurs most frequently in the roots. The xylem of the root possesses 
fewer fibers, therefore, more vessels are in contact with each other than 
in stem tissue. Invasion pathways consisted of contiguous vessels extend­
ing from one vascular ring outward into the succeeding one (Banfield, 
1968). Ouellette, (1962b) also reported the crossing over phenomenon. 
Infection by Ç. ulmi causes response by the living cells of invaded 
elm vascular tissue. According to Beckman (1966) vascular infections of 
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plants are localized by a three-step mechanism: 1) The screening of mo­
bile cells or spores from the transpiration stream on porous perforation 
plates and end walls; 2) the occlusion of the Infected portion of the ves­
sels by gels secreted by the stimulated parenchyma, cells; and, 3) the oc­
clusion of the infected portion of the vessel by tyloses, the abnormal 
overgrowths of vasicentric parenchyma cells. Screening of spores cannot 
occur in mature vessels of elm since the end walls disappear at maturity. 
This screening process probably operates in tracheids and immature vessels 
(Banfield, 1938; 1941b; 1948; Smalley, 1962). 
The measures currently in use for the prevention of root graft trans­
mission of C. ulmi were originally developed to combat a similar situation 
in oak. Drake (1956) reported that poisoning a ring of oak trees around an 
infected tree or digging a trench or fumigating a strip of soil with methyl 
bromide between the diseased tree and nearby, healthy trees were effective 
in preventing root graft transmission of fagacearum. Sodium methyl-
dithlocarbamate (SMDC) was also effective as a fumigant in preventing root 
graft transmission of Ç, fagacearum in oak (Kuntz and Drake, 1960). 
Occlusion of the vessels by tyloslc formation in the transition zones 
between the living and dead portions of the roots was shown to be the mech­
anism which prevented movement of Ç,. fagacearum through roots of oak (Kuntz 
and Drake, 1960). Complete occlusion of the vessels and impairment of 
water movanent through the roots within one week following fumigation was 
indicated. Sodium arsenite was not translocated through roots across the 
fumigated zone. Oak trees inoculated with Ç, fagacearum did not transmit 
the fungus to trees across the fumigated zone. However, traes on the same 
side of the fumigated zone as the inoculated trees became infected. 
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The incidence of adjacent tree infections in Dutch elm disease was 
reduced by 66% when a strip of soil was fumigated with SMDC between ini­
tially infected elms and nearby healthy elms (Neely and Himelick, 1965). 
Tyloses were found to develop In the vessels in the transition zones be­
tween the healthy and killed portions of the fumigated roots (Neely and 
Himelick, 1966). Few tyloses were first seen in the vessels after twelve 
days but they were abundant after twenty days. 
Tyloses occur commonly in the vessels of vascular plants (Gerry, 1914; 
Chattaway, 1949; Beckman, e^ al. 1953; Struckmeyer, et al. 1954; Beckman, 
et al. 1961; Beckman and Halmos, 1962; Esau, 1965). The presence of air 
within the vessels has been suggested as a cause of tyloslc formation 
(Klein, 1923). Haberlandt (1923) theorized that the decomposition products 
from traumatized cells stimulated tyl^sic formation. Tyloses appear natu­
rally in the formation of heartwood (Gerry, 1914; Chattaway, 1949; Struck­
meyer, et al. 1954; Esau, 1965; Meyer, 1967), as a result of water stress 
(Zycha, 1948), in response to trauma resulting from wounding (Block, 1952; 
Esau, 1965; Meyer, 1967) and vascular infection (Beckman, et al. 1953; 
Struckmeyer, et al. 1954; Talboys, 1958; Beckman and Halmos, 1962; Esau, 
1965; Beckman, 1966; Dimond, 1967). In addition to wounding, tyloses may 
also be Induced artificially In stems by application of growth regulators 
(Davis and Dimond, 1953; Smalley, 1962) and In roots by application of soil 
fumlgants (Drake, 1956; Runtz and Drake, 1960; Neely and Himelick, 1966). 
The longitudinal extent of root kill and subsequent tyloslc develop­
ment in vessels at the margins of the kill zone resulting from fumigation 
with a(DC has been reported (Neely and Himelick, 1966). SMDC is known to 
be highly effective In preventing movement of Ç. fagacearum through oak 
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roots (Kuntz aad Drake, 1960). However, the efficiency of this material 
in preventing root graft transmission of Ç. ulmi in elm has not been high 
(Neely and Himellck, 1965). Moist plant tissue is resistant to penetra­
tion by soil fungicides (Corden and Young, 1962). The manner in %fhich 
water movement occurs, if indeed it occurs at all, through the treated 
sector of the root has not been investigated. Water moves in the vessels 
of vascular plants under the Influence of large negative pressures (Scho-
lander, e^ al. 1965) and interruption or blockage of portions of the vas­
cular pathway normally results in a re-routing of water through alternate 
pathways (Elazari-Volcani, 1936; Greenidge, 1955; Scholander, et a^. 1955; 
Greenldge, 1958; Dimond, 1967). 
The indirect effects of fumigation on elm roots and the adjacent soil 
mass has not received sufficient attention. 
The antagonism of saprophytic fungi toward pathogenic forms has tan­
talized the imagination of phytopathologists with the possibility of an 
ecological approach to the control of plant disease. The phenomenon of 
antagonism between various species of fungi is widespread in nature 
(Waksman and Homing, 1943). Members of the genus Trichoderma have been 
investigated most extensively (Weindling, 1932; 1934; Allen and Haenseler, 
1934; Christensea, 1936; Waksman and Homing, 1943; Brian, 1944; Aytoun, 
1953). Trichoderma lignorum (Tode) Harz. has been reported as being effec­
tive in reducing diseases such as seed decay and damping off caused by 
species of Pythium and Rhlzoctonia (Weindling, 1932; Allen and Haenseler, 
1934), Phytophthora sp., Rhizopus sp. and Sclerotium rolfsil Sacc. (Weind­
ling, 1932). T. lignorum is known to inhibit Armlllaria melea (Vahl. ex 
Fries) Quel and Folyporua schwetnltzil Fr. (Aytoun, 1953), and 
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Helminthosporium sativim (Christensen, 1936). Gliotoxin, produced by T» 
Itgnorvnn (Weindling, 1932) and Viridin, produced by T. vlride Fr. (Brian 
and McGowan, 1946) are highly fungistatic substances. The ability to pro­
duce such substances probably accounts, at least in part, for the aggres­
siveness of the Trichodenaa species. 
Changes in soil microflora are known to occur following treatment 
with fungicidal chemicals (Bliss, 1951; Darley and Wilbur, 1954; Evans, 
1955; Corden and Young, 1961; 1962; Domsch, 1964) or steam (Baker, 1967; 
Baker, et al. 1967). The pathogenic forms of fungi appeared to be less 
resistant to the action of heat and chemicals than the saprophytes and 
were typically the first to succumb to the treatment. The saprophytic 
forms were more resistant and appeared to recolonize treated soil to the 
virtual exclusion of the pathogens (Bliss, 1951; Evans, 1955; Corden and 
Young, 1962; Domsch, 1964; Baker, 1967). The recoIonizing fungi were 
largely in those genera recognized as potential producers of antibiotics 
(Baker, 1967). Thus conditions were present for the antagonistic suppres­
sion of any recolonizing pathogens. 
The effects of antagonistic organisms upon Cj, ulmi have not been in­
vestigated extensively. A species of Actinomyces has been shown to be 
strongly inhibitory to Ç. ulmi in vitro (Szkolnik, 1948). Gliotoxin, a 
metabolite of T. lignorum and actinomycin strongly inhibited Ç. ulmi in 
vitro (Waksman and Bugie, 1943). Bacteria were also capable of exerting 
an antagonistic effect upon Ç_. ulmi (Pomerleau and Lechavalier, 1947). 
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MATERIALS AND METHODS 
Naturally Infected Elm Roots 
Forty-four naturally infected elms were examined. All the trees were 
in advanced stages of disease expression involving at least 50% of the 
crown. Six additional trees examined had been trunk inoculated in 1966 
and appeared completely dead in 1968 when this work was done. Four roots 
were dug at random from each tree and a one-foot length removed for exami­
nation. A 5 cm section was removed frcxa each end of the root pieces. The 
ends of these sections were examined and the depth of vascular discolora­
tion measured with a micrometer under the stereoscopic binocular. The 
bark was removed and successive .2 mm thick shavings were taken from one 
side of the s^lem cylinder with a carpenters' plane. All surfaces coming 
in contact with the wood were sprayed with 70% ethyl alcohol and flamed 
between shavings. The shavings were cultured for C. ubni on elm root ex­
tract agar (ERA). Pieces of discolored xylem were also prepared for his­
tological examination. 
Characteristics of Test Trees 
The field aspects of the experimental work were conducted on American 
elms (IJlmus americana L. ) growing in association with honey locust (Gled-
itsia triacanthos L.). shagbark hickory (Carva ovata (Mill.) K. Koch), 
black walnut (Juglans nigra L.) and v^ite ash (Fraxinus americana L.) on a 
hill in east Ames. The land had formerly been in pasture but had lain 
idle for a number of years. Scattered clumps of American black currant 
(Ribes americanum Mill.) had developed in a few areas. 
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Trees were selected oa the basis of similarity of physical character­
istics such as size, shape, limb structure, texture of bark and size and 
shape of leaves. Those used in this experiment were 36-41 centimeters in 
diameter breast height, and 12-14 meters in height. The crowns %fere scru­
tinized to be certain that the trees were not displaying symptoms of Dutch 
elm disease. As a further precaution, the bole was checked for sapwood 
discoloration by means of incisions made at three locations equidistant 
around the trunk. At each location a 2 x 4 cm long section of bark and 
wood 2 centimeters deep was excised with a wood chisel. This section was 
cultured for the possible presence of Ç, ulmi. 
Root Treatments 
Sodium methyldithiocarbamate fumigation 
Horizontal roots 12-30 mm in diameter were exposed by careful excava­
tion and 10 cc of a solution of SMDC in water (1:4) were poured on the soil 
2.5 centimeters directly below the roots at the points to be fumigated. 
The excavated soil was replaced and compacted so that SMDC vapors would 
accumulate in the vicinity of the root. The location of each root was 
marked with a 2.5 x 31 cm wooden stake inserted in the soil with the flat 
side parallel to the root. These stakes, for each tree, two for each date 
of inoculation, were placed in a large paper bag shaken and withdrawn at 
random. After 5 days. Inoculations with ulmi were begun and continued 
at 3 or 4-day intervals for 35 days. 
Experimental design Five trees were used in this experiment, four 
of these were root inoculated with C. ulmi. the fifth served as a control 
and for histological study of fumigated roots. Excavations to locate 
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horizontal roots consisted of arc-shaped trenches. These were located 8-10 
feet from the trunk of the tree. Each of the trees to be inoculated had a 
total of 22 roots exposed and fumigated; 2 roots to be inoculated at each 
of 11 inoculation dates. The control had a total of 33 roots exposed. 
Twenty-two of these served as non-fumigated controls. The remaining 11 
roots were fumigated. One of these was excised for histological examina­
tion at each inoculation date. 
Inoculation The roots to be inoculated were re-excavated at a 
point 30.5 cm distal to the fumigated zone. A 30.5 cm sector located with 
the proposed inoculation site near its center was cleaned with water and a 
stiff plastic-bristled, scrub brush. This sector was wiped dry with paper 
toweling, rinsed three times with 7% ethyl alcohol, and allowed to dry. 
Following the third alcohol rinse and drying, a disc of bark was removed 
with a sharp 6 mm diameter cork boper exposing the cambium. Two drops of 
a spore suspension of C_. ulmi were placed in the resulting cavity. The 
outer xylem vessels at the bottom were cut with the comer of a single edge 
razor blade. As soon as the spore suspension had been drawn into the ves­
sels, the bark disc was reset and bound into place with 3 overlapping 
lengths of cellophane tape wound around the circumference of the root. A 
30.5 cm square of 4 mil polyethylene sheet was then wrapped around the 
entire decontaminated inoculation site and secured at both ends with rub­
ber strips. At each inoculation date the uptake of a suspension of killed, 
stained spores was noted on one fumigated and one non-fumigated root of 
the control in order to determine uptake and compare the movement of the 
spores at the various inoculation dates. 
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Preparation of dyed spores Dyed spores were prepared by heating to 
boiling 4, seven-day old shake cultures of C. ulmi grown in 50 ml of mod­
ified Zentmeyer's liquid medium (Tcheimoff, 1965). After the cultures had 
cooled and the spores had settled to the bottom» the supernatant was de­
canted and the spores washed 3 times with 50 milliliters of distilled wa­
ter. The spore masses were combined in 200 ml of distilled water contain­
ing 1 gm each of aniline blue and acid fuchsin, and processed for 10 sec­
onds in a waring blender to break up any spore aggregates. 
Hot water 
In order to limit the longitudinal extent of tissue killing, hot water 
was utilized to kill root sections. Only roots between 12 and 18 mm in 
diameter were used. A circular dyke of soil was constructed forming a 
reservoir about 5 cm deep and 12 cm in diameter. The root extended hori­
zontally from opposite sides of the reservoir* Boiling water was poured 
into the reservoir filling it to a level about 1 cm above the upper surface 
of the root. As the water level receded below the upper surface of the 
root, more boiling water was added. The water surrounding the root was 
maintained at temperatures varying between 76-85® C for at least 15 min­
utes. Inoculations and observations on these roots were performed in a 
manner similar to those treated with SMDC. 
Isolation of Organisms from Roots 
Culturing for C. ulmi 
Sixty days after inoculation, sections of the roots including the in­
oculation point, the killed zone and at least one foot of root distal and 
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proximal to these were harvested. They were immediately washed with clean 
water and a scrub brush to remove as much adhering soil and organic matter 
as possible, and allowed to drain dry. A moist chamber system utilizing 
four-ounce, wide-mouthed, glass bottles was used to detect the presence of 
C. ulml in inoculated roots (Epstein, 1959). Each bottle could accommodate 
a 5 cm-long section of root. Cultures were made of sections taken from 
three points on each root. The first was from the area halfway between the 
inoculation point and the distal edge of the killed zone. The second was 
from the middle of the killed zone and the third from the living portion 
15 cm from the proximal edge of the killed zone. Each moist chamber re­
ceived 2 ml of distilled water and was incubated at 21° C. After 7 days 
the cultures were examined for the presence of characteristic mycelium and 
coremia using a stereoscopic binocular. Mycelium suspected to be that of 
Ç. uTmf was examined under the compound microscope. Additional examina­
tions were made at three-day intervals for an additional 21 days before 
the cultures were discarded. 
Organisms invading treated sectors of roots 
The roots which were brought into the laboratory for histological 
examination were also used to determine the rate at which soil fungi In­
vaded the killed portion of the root. %e surface of the killed sector was 
decontaminated by brief flaming. Small chips of bark were removed with a 
sterile knife and forceps, and placed on the surface of ERA in a plastic 
petrl dish. The xylem thus exposed was also flamed and chips removed and 
cultured in the same manner. The cultures were Incubated at 23° C. As 
fungal growth became evident, hyphal tip transfers were made to petrl 
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dishes with fresh ERA. The cultures were observed for a minimum of two 
weeks and additional transfers made as variations in fungal growth or 
bacterial colonies appeared. 
Testing for antagonism by invading fungi 
In vitro test The fungi and bacteria isolated from both SMDC' 
fumigated and hot water-killed sections of American elm roots were tested 
for possible antagonistic activity against ulmi in vitro. A 6 mm diam­
eter disc was cut with a cork borer from a culture of ulmi growing on 
ERA and a similar disc cut from a culture of the test organism. These were 
placed on opposite sides of petri dishes containing either potato dextrose 
agar or ERA and incubated at 21° C. They were observed daily for signs of 
antagonism. The fungi exhibiting antagonism against Ç. ulmi were identi­
fied (Gilman, 1957). 
Antagonism in treated roots Two fungi antagonistic to Ç. ulmi in 
vitro were tested ^ vivo in an attempt to determine their possible effects 
on the distribution of Ç. ulmi in root sections killed with hot water. Hot 
water was selected as the root-killing agent so that the extent of necrosis 
induced could be limited. As soon as the hot-water heated sector of root 
had cooled to air temperature, the entire excavated portion of root was 
disinfected with 70% alcohol and a 2-week-old agar culture from a petri 
dish of either Trichoderma viride (Tode) Harz. or Fusarium roseum (Uc.) 
Snyder and Hansen, was wrapped around the treated section of root with the 
upper surface of the culture in contact with the bark. The root section 
was wrapped with a 15 cm wide strip of polyethylene sheet, which was se­
cured at both ends with cellophane tape. Wads of sphagnum moss were 
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wrapped around the healthy root portions about one Inch fron the margins of 
the killed sector and secured with 2 mm wide rubber bands. The sphagnum 
moss wads were saturated %d.th 4-4-50 Bordeaux mixture. À 31 cm x 31 cm 
sheet of .4 mil polyethylene plastic was slipped under the treated sector 
so that each of two opposite edges extended for at least 5 cm beyond the 
sphagnum moss wads. The two opposite edges of the plastic sheet parallel 
with the root were raised above the root, placed side by side and the edges 
rolled down together until firmly appressed against the upper side of the 
sphagnum moss wads. Rubber strips 2 nm wide were used to tie the rolled up 
plastic sheet on each side of both sphagnum moss wads. 
Inoculations at weekly intervals with a spore suspension of Ç. ulmi 
were made in the same manner as previously detailed at points 5 cm distal 
to the polyethylene wrapped covered sectors. After 6 weeks the roots were 
excavated, excised and brought into the laboratory where they were cultured 
for the presence of Ç, ulmi as described previously. Chips were taken from 
the wood of the killed sectors to determine whether the antagonistic organ­
isms had become established. There were two roots for each of two antag­
onistic fungi and the control at each of 4 dates of inoculation making a 
total of 24 roots treated. 
Formation of Tyloses 
Histological examinations 
At each inoculation period a fumigated root was excavated, excised, 
and brought into the laboratory for observation. The entire vascular cross 
section of this root was carefully examined for any changes which might 
have taken place as a result of fumigation. Fresh material from healthy 
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tissues, killed tissues and transitional zones were sectioned by hand with 
a stainless steel razor blade under the stereoscopic binocular and immedi­
ately mounted on glass slides in water and examined under the compound 
microscope. For more critical examination, material from the same areas 
was killed and fixed in FAA and later embedded in polyethylene glycol 
(Van Hoime and Zapf, 1951). Sectioning was done on sliding and rotary 
microtcwaes. The sections were mounted on glass slides, stained with 
safranin and fast green (Sass, 1938) and examined under the compound micro­
scope. 
Tylosis formation in vitro 
Technique for growth The tylosis-forming capability of elm roots 
was studied in vitro. The roots varied from 7 mm to 30 mm in diameter. 
Visual checks on the development of tyloses were made on a 4 cm length cut 
from each root and placed in a moist chamber. The moist chambers consisted 
of two-ounce, wide-mouth glass jars containing 5 discs of No. 4 filter 
paper moistened with 2 ml of distilled water. Ten glass beads on the top 
disc served to keep the upright root section from direct contact with the 
water. The sections were incubated at 23° C. The upper surface was exam­
ined by removing the jar cover and placing the moist chamber and contents 
under the stereoscopic binocular. 
Vacuum tension measurements Differences between vacuum tensions 
applied at the proximal ends of root sections and those measured at the 
distal ends were correlated with the extent of tyloses development in the 
sections incubated in moist chambers. Twenty-one cm sections were cut from 
each root. Glass bottles with bottoms removed were cemented over the ends 
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of the root sections with waterproof florists clay. These were placed in 
plastic bags containing moist paper toweling and incubated at 23** C. A 
vacuum tension equivalent^ to 300 mm of mercury measured with a Marshall town 
vacuum gauge was applied to the proximal end of the root. The vacuum ten­
sion was transmitted from the gauge through a 6 mm glass tube leading 
through a No. 4 rubber stopper inserted in the mouth of the bottle. À 
second gauge calibrated with the first was connected in a similar manner 
to the mouth of the bottle at the distal end (Figure 1). Vacuum tension 
was applied and the tension indicated on the gauge at the distal end after 
15 seconds was recorded. Readings were taken over a period of fourteen 
days. 
Tree and root variation A single root was taken from each of 20 
American elms selected at random for the first group of observations and 
vacuum measurements. The general condition of each tree and the diameter 
of the root was noted. No obviously diseased roots were Included. In a 
second group of vacuum measurements, 4 roots from each of 4 trees were 
studied. Tree number I was in a vigorous, rapidly growing condition. It 
was situated in a relatively open area with little, if any, competition 
from other trees. Tree number II was also from a relatively open area but 
was in a state of low vigor with short intemodes and large numbers of 
dead twigs present throughout the crown. Evidence of bacterial wetwood 
disease was present on the trunk and scaffold limbs. Trees number III 
and IV were in a closely spaced group of elms and appeared to be inter­
mediate between number I and II in vigor. 
Translocation of water 
The distribution of water suspensions of dyed spores of Ç. ulmi or 
Figure 1. Apparatus for measuring vacuum tension transmitted through elm 
root sections 
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India ink, and aqueous solutions of aniline blue and acid fuchsin dyes was 
studied by their injection into the outer ring of vessels. The area of 
root to be injected was carefully excavated, washed free of adhering soil 
and organic matter and dried. A disc of bark down to the cambial region 
was removed from the upper surface of the root with a 6 mm diameter cork 
borer. A reservoir consisting of a 6 mm diameter cork borer shortened to 
6.5 cm was inserted to the bottom of the resulting cavity. Water-proof 
florists clay was used to insure a water-tight seal at the juncture of the 
root surface and the vertically oriented reservoir. One ml of the test 
solution or suspension was poured into the reservoir and a 3/16-inch diam­
eter drill bit, mounted in a hand chuck, was inserted and used to break the 
outer vessels of the root at the bottom of the cavity to a depth of 3 mm 
(Figure 2). A sleeve consisting of a section of oak doweling fitted over 
the upper end of the drill prevented the drill from penetrating the vessels 
beyond 3 mm. The drill bit was withdrawn and the reservoir filled with the 
dye solution or spore suspension. At regular intervals the reservoir was 
refilled and the volumes required noted. Longitudinal and lateral distri­
bution was traced by removing the bark and observing streaks of color. 
Radial distribution was traced by sectioning the roots at 5 cm intervals 
and splitting these sections so that the plane of splitting passed through 
the center of the root and dye streaks. Hand sections of roots injected 
with suspensions of dyed spores of Ç. ulmi or India ink were made with sin­
gle edge razor blades, and examined under the compound microscope. 
Movement of dyed spores and dye solutions in excised roots 
Bottomless glass bottles were cemented to the proximal ends of root 
Figure 2. Apparatus used for injection of dye solutions and dyed spore 
suspensions into elm roots 

23 
sections 61 cm in length. Two parallel girdling cuts 5 cm apart were made 
at a point 8 cm distal to the bottle. The bark and 2 annual rings of xylem 
were removed from the sector between the girdling cuts and the vertical cut 
surfaces remaining were sealed with melted paraffin. The distal ends of 
the roots were also sealed with paraffin. Cork borer reservoirs were 
placed 10 cm distal to the girdled sector and filled, as previously de­
scribed. Vacuum tension was then applied to the proximal end of the root. 
Movement of dyed spores and dye solutions was traced by removal of the 
bark, and radial splitting of the roots. 
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RESULTS 
Naturally Infected Elm Roots 
Ç. ulmi was Isolated from 417» of the roots obtained from naturally In­
fected elms. Current season infection by ulmi in roots resulted in 
sharply defined, elongated discolorations at the surface of the xylem cyl­
inder. Lateral movement of the fungus appeared to be great'.y restricted. 
Very few branch roots were found infected. In no instance was the fungus 
isolated frcm tissue not displaying discoloration. The depth at which 
Cj. ulmi was recovered varied from 0.4-2.0 mm. A layer of granular mate­
rial, possibly of fungal origin, was seen lining the inside of vessel walls 
(Figure 3). In five trees discolored tissue was in the second annual ring 
at depths of from 1.6-2.0 mm. The current or outermost ring of i^lem was 
not discolored, indicating that these roots had been infected the previous 
year and temporary recovery had occurred. Xylem from these "recovered" 
roots was sectioned, A large, yellowish-brown nycelium, presumably of 
Ç. ulmi. was found in vessels, tracheids and parenchyma cells (Figures 4, 
5). This mycelium was not observed in vessels containing tyloses and gums 
but in vessels immediately adjacent to them. Similar nycelium was found in 
boles of trees inoculated in 1966. No such nycelium was found in any of 
the recently infected material. The current jqrlem ring of the recovered 
trees was separated from the preceding ring by a multiserlate layer of 
parenchyma cells (Figure 6). Hyphae were seen in tracheids immediately be­
low the lower-most of the multiserlate layer of parenchyma cells which ap­
peared darkly stained (Figure 7). Neither hyphae nor discoloration was 
noted in new ^ qrleni. Vessels of new i^lem were noticeably smaller in 
Figure 3» Cross-section of vessel from elm root Infected by C_. ulmi 
(granular material lining the vessel walls appears to be 
of fungal origin) (Magnification 750 X) 
Figure 4. Cross-section of elm root showing large hyphae of C. ulmi in 
a longitudinal ray parenchyma cell (Magnification 1360 X) 
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Figure 5. Cross-section of elm root xylem showing hyphae of Ç. ulmi 
penetrating walls between tracheids Ofagnification 1360 X) 
Figure 6. Cross-section of root from recovered elm showing infected 
xylem on the right, separated from new non-infected j^lem 
on the left, by a multiseriate layer of parenchyma 
Olagnification 275 X) 

Figure 7. Cross-section of xylem of root from recovered elm showing 
hyphae of ulai in tracheids located just beneath the 
maItiseriate layer of parenchyma separating the infected 
xylem ring from the new xylem ring (Magnification 800 X) 
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diameter than those in the preceding infected growth ring in recovered 
trees (Figure 6). 
Root Treatments 
SMDC fumigation 
Anatomical changes By the fifth day following fumigation a sector 
of root 8-10 cm on either side of the fumigation point had turned brown. 
Discoloration of the ^ ^lem was not as intensive nor longitudinally exten­
sive as in the bark. Only the tissues of the current growth ring appeared 
to be affected except for slightly discolored ray elements found extending 
into the preceding growth ring. Discoloration continued to extend into 
deeper tissues and involved the entire cross section by the twenty-fifth 
day. Many of the roots larger than 3.8 cm in diameter exhibited discolora­
tion only in the bark and outer 3-5 growth rings. These roots contained a 
central core of xylem which appeared to be unaffected by the fumigation. 
In all cases the depth of discoloration was greatest on the under side of 
the root. 
There was little subsequent extension of the necrotic zone from the 
point of fumigation in SMDC treated roots in a distal direction. The prox­
imal edge of the zone was extended. Most of the roots displayed zones of 
necrotic bark involving 1.2-1.8 meters of root. A few were killed back to 
the bole. Invariably the proximal extension of the necrotic zone was 
greatest on the lower side of the root. By the time extension of the ne­
crotic zone was complete, the bark within the zone was completely dead and 
soft in texture. By the third week dead bark was somewhat depressed, pro­
ducing a slight ridge at the margin of live tissue. Formation of callus 
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tissue beneath the bark at the margin of the kill zone further accentuated 
the ridge. Several fumigated roots not included in this experiment re­
mained in the soil and developed sprouts after 10 weeks (Figure 8). These 
arose from callus tissue which developed at the distal margin of the ne­
crotic zone. 
Tylosic development No tyloses were found in vessels of killed 
xylem regardless of the kill method used. Tylosic development appeared 
limited to a narrow segment of xylem transitional between killed and 
healthy :ylem. The extent of this transitional area varied fr<XB 8-15 cm. 
The first tyloses were seen in the transitional zone on the eleventh day. 
They were of small size, few in number and always appeared in the lumen of 
large vessels on the wall adjacent to a ray. Growth of tyloses was rapid 
(Figure 9). As other tyloses developed, the lumen of some vessels ap­
peared occluded by the twentieth day. Tylosic development was considerably 
slower in the smaller vessels. Some roots contained vessels which were not 
occluded by the twenty-eighth day (Figure 10). 
Transmission of C. ulml The interval between fumigation of roots 
and formation of an effective barrier to movement of C. ulml spores varied 
between trees (Table 1). Tree No. 3 apparently developed the barrier in 
one root by the eighteenth day while this did not occur in tree No. 2 until 
the twenty-seventh day. All inoculations in the control tree were success­
ful and produced discolorations which extended into the bole of the tree at 
the end of the experiment. In all Instances those Inoculations which 
failed to cross the barrier produced discolorations which terminated in 
tyloses-occluded vessels on the distal side of the traumatized zone (Fig­
ure 11). 
Figure 8. Elm root with adventitious sprouts developing at the distal 
margin of SMDC-fumigated zone on the right 
Figure 9. Cross section (hand) of vessels showing extent of tylosic 
development on the fourteenth day after fumigation with 
SMDC (Magnification 500 X) 
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Figure 10. Uneven tylosic development in vessels of elm root fumigated 
with SMDC (Magnification 500 X) 
Figure 11. Radial section showing terminus of C. ulmi invasion in 
tyloses-occluded vessel of elm root at the distal margin 
of SMDC-fumigated zone (inoculation occurred to the left) 
(Magnification 550 X) 
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Table 1. Transmission of Ç_. ulmi through elm roots fumigated with SMDC 
Inoculations 
days after Trees 1 2 3 4 5I 
fumigation Roots A B A B A B A B A B 
3 4-2 4- + 4- + 4- 4- 4- + 4-
6 4- 4- 4- 4- 4- 4- 4- 4- 4- 4-
9 4- 4- + 4- 4- 4- 4- 4- 4- 4-
12 4- 4- 4- 4- 4- 4- 4- 4- 4- 4-
15 4- 4- 4- 4- 4- 4- + 4- 4- 4-
18 4- 4- 4- + - 4- 4- 4- 4- 4-
21 4- - 4- + - - + 4- 4- 4-
24 - - 4- + - - - - 4- 4-
27 - - 4- - - - - 4- 4-
30 4- 4-
37 4- - 4-
^Non-fumigated check tree. 
^ Indicates transmission, - indicates lack of transmission. 
Hot water treatments 
Anatomical changes The bark of hot water treated roots was inten­
sively discolored by the second day. Xylem tissues appeared slightly dis­
colored throughout the cross section of the root and turned dark brown by 
the seventh day. There was little extension of the necrotic zone beyond 
the sector actually exposed to heat. By the end of the second week. 
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abundant callus tissue was present at both margins of the killed zone. A.t 
three weeks a large number of secondary rootlets developed in the callus 
at the proximal margin of the killed zone. These grew very rapidly. Some 
were 20 cm in length ten days later (Figure 12.) 
Tylosic development The first tyloses were seen on the seventh 
day. Some vessels were occluded by the eleventh day. On the thirteenth 
day occlusion of vessels of the entire xylem cylinder of some roots ap­
peared complete (Figure 13). As in SMDC-fumigated roots, the tyloses ap­
peared to arise on walls of vessels adjacent to rays. Earlier development 
was noted in larger vessels. The zones of tylosic development were con­
siderably narrower in these roots than those treated with SMDC. The width 
of these zones varied from 3 to 5 cm. 
Transmission of C. ulmi The interval between treatment of roots 
with hot water and formation of an effective barrier to movement of C^. ulmi 
spores had occurred by the fifteenth day in both trees. The inoculation 
results were similar to those on SMDC-treated roots in all other respects 
(Table 2). 
Organisms Invading Killed Zones 
Isolation 
Â large number of organisms were isolated from killed xylem of fumi­
gated roots. Fungi isolated frcna xylem were also present in the bark. 
Trichoderma lignorum (Tode) Harz. was isolated from the killed zone of the 
root within five days following fumigation and three days following treat­
ment with hot water. This organism predominated for the first 3-4 weeks. 
Other fungi appeared after this. 
Figure 12. Callus ridge and secondary rootlet development at the 
promimal margin of hot water - killed section of elm root 

Figure 13. Cross section (hand) showing tylosic occlusion of vessels 
on the thirteenth day following treatment with hot water 
Olagnification 250 X) 
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Table 2. Transmission of Ç_. ulmi through elm roots treated with hot water 
Inoculation 
days 
following Trees 1 2 
treatment Roots A B A B A B 
3 + +2 + + + + 
6 + + + + + + 
9 + + + + + + 
12 + + + + + + 
15 - - + - + + 
18 - - - - + + 
21 - - - - + + 
24 - - - - + + 
27 - - - - + + 
30 - - - - + + 
^Nott-treated check tree. 
2 
+ Indicates transmission, - indicates lack of transmission. 
Antagonism by invading fungi 
Fusariua roseum. (Lk.) Snyder and Hansen, F. redolens Wollenweber, 
Trichoderma lignorum. T. viride Fr. and an unidentified species of 
Pénicillium Link proved to be antagonistic to ulmi in culture. Inhi­
bition zones were formed around expiants from agar cultures of the above 
organisms on PDA seeded with a shake culture of C. ulmi. Hyphal growth of 
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Ç_. ulmi on ERA was inhibited in the vicinity of colonies of the antagonis­
tic organisms (Figure 14). Expansion of the Ç, ulmi colonies was usually 
arrested within 1-1.5 cm of the antagonist colony. Fusarium roseum caused 
a dark colored band 2-4 mm in width to develop along the arrested margin. 
Hyphae of Ç. ulmi in the dark colored band were enlarged, yellowish to 
brown in color and coated with dark granules (Figure 15). Sporulation was 
greatly reduced in this zone of arrest and occasionally Ç, ulmi formed 
Chlamydospore-like structures (Figure 16). As the cultures dried, sparse 
hyphal growth and sporulation by C^. ulmi resumed. Trichoderma lignorum 
quickly overran Ç. ulmi in culture causing lysis of hyphae and eventually 
neither hyphae nor spores of Ç. ulmi were found in these cultures. 
Effects of inoculations with antagonistic fungi 
At the end of the experiment the antagonistic fungi had made profuse 
growth and were easily isolated from all parts of the killed zones into 
which they had been inoculated. The killed zones of the non-inoculated 
control roots remained free of contaminants. The interval between hot 
water treatment and negative transmission across the killed zones did not 
appear to be affected by the presence of the antagonists (Table 3). Ç. 
ulmi was transmitted across the killed zone until the fourteenth day. No 
transmissions occurred as a result of later inoculations. 
There were differences in the manner in which Ç^. ulmi colonized the 
killed zone of the roots inoculated with the antagonistic fungi during the 
first three inoculatioti periods. In the control roots, C^. ulmi colonized 
the entire killed zone. In killed zones inoculated with F^. roseum. ulmi 
could be isolated from only a very small sector of :^lem corresponding with 
Figure 14. Antagonism in vitro - Ceratocystis ulmi colony on right in 
each culture: upper left, F^. roseum; upper right. 
Pénicillium sp.; lower left, T. lignorum; lower right, 
F. redolens 
Figure 15. Mycelium of C, ulmf inhibited by F. roseum and coated with 
yellow-brown granules. Limited growth resumed as the 
culture dried out O^agnificatiou 525 X) 
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Figure 16. Chlanqrdospore-like formations in hyphae of Ç_. ulmi colony 
antagonized by F. roseum (Magnification 800 X) 
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Table 3. Transmission of Ç. ulml through elm. roots treated with hot water 
and contaminated with antagonistic fungi 
Inoculation with 
C_. ulmi days Trichoderma Fusarium 
following lignorum roseunt Control 
treatment Roots A B A B A B 
2 
3  + + + • + +  +  
7  + + + + +  +  
14 - + + + - + 
21 — — — — — — 
28 — — — — — • 
^Non-contaminated check tree. 
2 4- Indicates transmission, - indicates lack of transmission. 
the vessels in which inoculation with Ç. ulmi had occurred. Ç. ulmi could 
not be isolated from killed zones inoculated with T. viride even though 
transmission had occurred. 
Tylosic Development In Vitro 
Shape and extent of tyloses 
In most instances very small tyloses were seen protruding from vessel 
walls by the second day after wounding (cutting). Their abundance appeared 
to vary greatly between roots. The tyloses which developed adjacent to the 
cut surface were oblong in shape while those situated well within the 
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vessel and away from the cut surface were more ovate or round. Tylosic 
development was not uniform in all vessels within any one specimen. Vessel 
occlusion appeared earlier in some growth rings than in others. In some 
roots this uneven development occurred in sectors or patches irrespective 
of growth rings. Tyloses appeared in greater number earlier and developed 
most rapidly in the widest part of the growth ring. Vessels of some roots 
appeared occluded by the fifth day. It was interesting to note that a 
circular ridge of callus tissue was visible over the cambium and small 
patches of callus were visible over the entire cut surface of some roots by 
the tenth day. 
Variation in vacuum tension 
Vacuum tension was reduced at the distal end of root sections as 
tyloses occluded the vessels. There was considerable variation in the in­
terval required for complete occlusion as indicated by zero vacuum tension 
(Table 4). Roots from trees in high vigor reached zero vacuum tension 
transmission sooner than, those from trees in poor condition. Some of the 
latter never achieved a vacuum reduction greater than 100 mm of mercury. 
Several of these were later found to have been invaded by various fungi 
which caused death of tyloses-initiating parenchyma. Trees number 1, 8, 
9, 12, 14, 17 and 20 were in low vigor. Numbers 5, 10 and 19 were young, 
vigorous trees. Roots from the latter were occluded in the shortest period 
of time. The development of tyloses did not appear to be correlated with 
diameter of the root within the range or diameters treated. 
There were large differences in tylosic development between groups of 
roots from different trees. In addition to variation between trees, there 
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Reduction in vacuum tension transmission (reciprocal values) resulting from tylosic 
development differences between trees 
Pays 
Root diameter 
in mm 0 4 5 6 7 8 9 10 11 12 
26 0 0 20 80 84 84 54 30 30 30 
7 0 0 40 77 156 258 300 300 300 300 
17 0 0 20 25 145 222 269 295 300 300 
30 0 0 35 78 184 220 288 300 300 300 
16 0 0 26 150 260 300 300 300 300 300 
28 0 10 40 110 140 285 300 300 300 300 
26 0 0 25 37 110 190 255 290 300 300 
23 0 5 35 110 180 180 263 288 295 300 
19 0 0 30 78 90 76 45 30 30 20 
8 0 128 195 260 300 300 300 300 300 300 
12 0 10 100 183 237 300 300 300 300 300 
22 0 0 26 57 69 91 60 24 24 20 
28 0 20 90 180 257 283 300 300 300 300 
18 0 0 20 82 110 125 84 62 56 50 
13 0 10 25 57 128 239 289 300 300 300 
16 0 20 36 110 217 261 300 300 300 300 
9 0 0 5 29 105 192 268 290 300 300 
23 0 0 10 112 203 285 300 300 300 300 
27 0 30 124 233 300 300 300 300 300 300 
17 0 5 65 150 220 269 290 295 300 300 
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was considerable variation between the roots within a tree (Table 5). 
Roots from tree I tended to reduce earlier the vacuum tension transmitted 
than the others. The gre t average reduction occurred between the 
fifth and sixth day (Figure 17). Roots from tree II responded very poorly. 
None of these achieved full vacuum tension reduction in the course of the 
experiment. Roots A and B achieved a temporary reduction only to revert 
to full transmission by the tenth and twelfth day respectively. Roots 
from tree III achieved the maximum average vacuum reduction between the 
seventh and eighth day. Those of tree IV compare well with those of tree 
I; however, full vessel occlusion was delayed. 
Water uptake by the healthy portions of the roots distal to the 
killed zones was comparable to that of untreated roots for approximately 
fifteen days. The rate of water uptake decreased gradually thereafter but 
did not cease completely until obvious signs of decay had appeared in the 
killed xylem. Solutions of acid fuchsin in water moved through the fumi­
gated zones into the proximal healthy portion of the root. The dye solu­
tions were found primarily in small vessels and in the tracheids. Dyed 
spores of Ç. ulmi suspended in water were also transported through the 
fumigated zones. Cessation of spore movement coincided with occlusion of 
the vessels by tyloses. Following vessel occlusion by tylosic development, 
movement of dye solutions and spore suspensions was in a distal direction 
from the point of injection in large roots which were only partially 
killed by the fumigation. 
Movement of Dyes and Dyed Spores 
In vivo 
Table 5. Reduction in vacuum tension transmission (reciprocal values) resulting from tylosic 
development differences within trees 
Days 
Tree Roots 0 3 
r 
5 6 7 8 10 12 I ^4 
I A 0 10 20 30 180 290 300 300 300 300 
B 0 15 60 295 300 300 300 300 300 300 
G 0 20 35 40 185 300 300 300 300 300 
D 0 0 0 18 167 285 300 300 300 300 
II A 0 0 0 15 30 45 30 0 0 0 
B 0 0 0 0 0 0 82 10 0 0 
C 0 0 0 15 62 120 195 240 240 240 
D 4 0 0 15 138 225 240 265 270 270 
III A 0 0 20 40 40 40 155 293 300 300 
B 0 0 0 0 48 125 265 295 0 0 
C 0 0 0 0 35 65 200 279 289 296 
D 0 0 0 0 15 60 180 291 296 298 
IV A 0 5 128 205 262 285 300 300 300 300 
B 0 0 20 106 190 260 270 295 300 300 
C 0 0 30 30 232 300 300 300 300 300 
D 0 0 0 35 188 265 260 300 300 300 
Figure 17. Average reduction in vacuum transmitted through elm root 
sections caused by tylosic development in response to 
wounding (Four roots from each of four trees) 
55 
VACUUM TENSION (MM Hg) 
300 
200 
3Z \I \iir 
100 
1 2  3 4 5 6 7 8 9  1 0  I I  
DAYS 
56 
In vitro 
Suspensions of dyed spores moved in a distal direction when injected 
at a point distal to a girdle in root sections subjected to vacuum tension 
at the proximal end. The spores moved to within 1 cm of the distal end 
if a sufficient volume of suspension was added. The spores were usually 
found lodged in the bordered pits of the vessels. Dye solutions alone 
did not move as far distally but penetrated into the third, fourth and 
fifth rings of xylem. Distal movement of the dye solutions was greater 
when they were injected with dyed spores. Some proximal movement of the 
dye occurred in the deeper xylem rings. 
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DISCUSSION 
The colonization of living roots of Ulmus americana L. by Ceratocystis 
ulmi (Buism.) C. Moreau appeared to be restricted. The fungus was found 
confined to the outer ring of jqrlem during the year of infection. Lateral 
spread of the fungus within the infected root was limited with the result 
that only a small proportion of the root system of the infected tree was 
invaded. Whether this restriction was conditioned by factors of environ­
ment or by variation in anatomy or physiology of the host was not clear» 
Elements of all three were probably involved. 
The form in which the fungus was found appeared to be influenced by 
the host. Hyphae were rare in the xylem during the year of infection but 
were quite common in subsequent years. These hyphae were most readily seen 
in vessels and tracheids adjacent to large vessels which were heavily oc­
cluded by gums and tyloses. The larger mycelium might be induced by the 
release of nutrients from the diseased tissues. There may also have been 
qualitative changes in the nutrients available as a result of alterations 
in the physiology of the host. 
Longitudinal movement of spores of C^. ulmi in elm root vessels was 
blocked by tyloses. Tylosic formation may be induced by several root-
traumatizing treatments including wounding, application of heat, and fumi­
gation with phytotoxic chemicals such as SMDC. Tyloses appeared first in 
the large vessels which were also occluded sooner than the smaller ves­
sels. The reasons for this difference were not determined. The time in­
terval required for tylosic induction appeared to vary with the trauma­
tizing method. Wounded roots responded in the shortest interval, those 
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treated with hot water were intermediate and SMDC-fumigated roots required 
the longest interval. The tylosis-forming ability of the ray parenchyma 
appeared to be inversely proportional to the degree of traumatization v^ich 
occurred. There was virtually no visible necrosis of tissues adjacent to 
wounds while extension of the necrotic zone of 9rtDC-fumigated roots con­
tinued for some distance. Limited extension of the traumatized zone oc­
curred in hot water-treated roots. The delay in tylosic formation in SMDC-
treated roots may be the result of the migrating zone of trauma. 
Response of ray parenchyma of individual roots to the tylosis-
inducing stimulus was variable. Variation In response occurred between 
roots from different trees and between roots from the same tree. Vessels 
in wounded roots from vigorous, rapidly growing elms developed tyloses and 
were occluded more rapidly and consistently than those in roots from trees 
in apparently low vigor. The variation in the time interval required for 
vessel occlusion and the incomplete kill of large roots may account, at 
least in part, for the only fair efficacy of SMDC in preventing root graft 
transmission of ulmi - Because of the variation in response to the 
tylosis-inducing trauma, it may be desirable to classify elm trees as to 
their suitability to SMDC fumigation. The importance of earliness of 
treatment should be re-emphasized since transmission of Ç. ulmi occurred 
over a longer period following fumigation than was formerly recognized. 
Vessels are not the sole pathway by which water transport occurs in 
elm roots. This was indicated in that water uptake was not abruptly re­
duced by development of tyloses in vessels. Dye solutions introduced into 
root :qrlem with vessels heavily occluded by tyloses were translocated pri­
marily through tracheids. The tracheids must, therefore, be considered 
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as an important alternate pathway for water transport in elm roots. In 
this study,, water transport did not cease completely until there were 
obvious signs of decay in the j^lem of the killed zone. 
The organisms found to be antagonistic to C^. ulmi in vitro and tested 
in vivo did not appear to have any immediate affect upon the translocation 
of Ç^. ulmi through killed root sections. Where ulmi alone was inocu­
lated into the root, it quickly colonized the entire killed section. In 
the presence of the antagonistic organisms, the colonization of the killed 
zone by Ç. ulmi was greatly restricted. When Trichoderma lignorum (Tode) 
Harz. was introduced in advance of ulmi inoculation, Ç. ulmi could not 
be isolated from the kill zone. Apparently the spores of C_. ulmi were not 
affected by their passage through the contaminated killed zone. The pres­
ence of the antagonistic fungi could conceivably serve as a secondary bar­
rier to the growth of Ç. ulmi hyphae through the killed zone should the 
distal tylosic barrier fail. Very little is known about the effect of 
antagonistic organisms upon ulmi in vivo. It would not be unreasonable 
to expect that these organisms would have an adverse effect, upon, survival 
of Ç, ulmi in treated roots. 
The differences in intervals required for tylosic formation in roots 
from various trees is of interest from still another point of view. Since 
resistance to invasion by ulmi may be conditioned, at least in part, by 
rapid formation of tyloses there is the possibility that this could be 
utilized as a criterion of resistance in elm breeding programs. To what 
extent the rapidity of this response is determined by genetic factors is 
not known. 
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SUMMARY 
The colonization of elm roots by Ceratocystis ulmi (Buism.) C. Moreau 
was found to be limited. In naturally infected elm trees C^. ulmi was iso­
lated from only 41% of the roots studied. Extensive longitudinal distri­
bution of the fungus occurred within the invaded root. However, lateral 
distribution appeared to be limited during the year of expression. Later 
hyphae were found in vessels, tracheids and parenchyma cells in and imme­
diately adjacent to discolored xylem. The fungus could be isolated only 
from discolored tissue and in no instance was it isolated at depths greater 
than 2.0 mm. 
Some elm roots were apparently able to recover from the disease by 
developing a new ring of lylem separated from the infected growth ring by 
a multiseriate layer of parenchyma. 
Sodium methyIdi thiocarbamate (SMDC) did not penetrate living elm roots 
readily. Only the bark and outer 3-5 rings of xylem were killed. In roots 
larger than 38 mm in diameter, a central core of xylem normally remained 
unaffected by the fumigant and continued to function in the transport of 
water. The necrotic zone resulting from the fumigation involved up to 
243 cm of the root. The greatest portion of this extension was in a prox­
imal direction from the point of fumigation. Tylosic development occurred 
in the vessels at the margin between the killed and living tissues. 
Hot water was found to be effective in killing sections of roots 30 nnn 
or less in diameter. Tylosic development in the vessels of roots treated 
in this manner occurred more rapidly than in roots fumigated with SMDC. 
As the killed zone extended in the SMDC treated roots, the developing 
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tyloses became necrotic. Therefore, tylosic development sufficient to 
occlude the vessels could not occur until the margin of the necrotic zone 
was stabilized. 
Reduction of vacuum tension transmitted through 20 cm lengths of elm 
roots was used as an indication of extent of vascular occlusion by tyloses. 
The interval required for tylosic development to occur in vessels of root 
sections was found to vary not only between trees but also between roots 
frcxn any one tree. The vessels were occluded in the shortest interval in 
roots taken from the most vigorous trees. Roots taken from slow growing 
trees required the longest interval for Che occurrence of vessel occlusion. 
The translocation of water through root sections treated with either 
SMDC or hot water was reduced by tylosic development in the vessels at the 
margins of the killed sectors. Movement of dyed, killed spores was pre­
vented by tyloses in the vessels. However, dye solutions continued to 
move through adjacent tracheids. Complete cessation of water transport 
did not occur until obvious signs of decay had appeared in the jylem of 
the killed zone. 
The killed zones of elm roots resulting from fumigation with SMDC or 
treatment with hot water were rapidly invaded by a number of common, soil-
inhabiting fungi. Of these Fusarium roseum (Lk.) Snyder and Hansen, F. 
redolens Uollenweber, an unidentified species of Pénicillium Link Tricho-
lignorum (Tode) Harz. and T. viride Fr. were found to be antagonistic 
toward C^. ulmi In vitro. F. roseum and T. lignorum. inoculated into the 
killed zones of the root, did not appear to affect the transport of spores 
of Ç. ulmi through the killed zone. However, they had a profound effect 
upon the manner in which Ç. ulmi colonized the necrotic zone. Ç. ulmi 
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colonization, of the killed zone was limited to a narrow strip of vessels 
by F. roseum. Ç. ulmi could not be isolated from the killed zones pre­
viously inoculated with T. lignorum. 
Several avenues are suggested for future investigations. The deter­
mination of the physiological and genetic factors affecting the anatomy of 
root j^lem and its response to invasion by ulmi would be useful in es­
tablishing selection and breeding programs aimed at developing trees re­
sistant to the disease. The possible roles of antagonistic organisms in 
the development, distribution and survival of C_. ulmi in elm roots would 
be of great interest since both the pathogen and the suscept exist in an 
environment teeming with these organisms. 
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